The planar Fourier Bow for a dilute gas of hard spheres is studied by means of the directsimulation Monte Carlo method to solve the Boltzmann equation. Two different types of boundary conditions are considered. In the conventional conditions, the gas can be seen as enclosed between two baths at equilibrium at wall temperatures. In the alternative conditions, both baths are out of equilibrium in states close to the one of the actual gas. It is shown that these alternative conditions are more appropriate to analyze bulk transport properties, as they reduce the boundary efFects. The deviation of the heat Bux from the Fourier law is small, even for large thermal gradients. In addition, the velocity distribution function is obtained and compared with the exact solution of the Bhatnagar-Gross-Krook model.
I. INTRODUCTION
The steady planar Fourier flow is one of the simplest macroscopic states for analyzing transport processes far &om equilibrium. The physical situation corresponds to a system enclosed between two parallel infinite plates a distance L apart and kept at different temperatures T and T+. Starting from an arbitrary initial state, the system reaches a steady state after a certain transient period. This steady state is characterized by a thermal gradient along the direction normal to the plates and a constant heat flux. At the level of the Navier-Stokes approximation, the heat flux and the thermal gradient are related through the phenomenological observed up to gradients of the order of 1.8 x 10s K/cm for argon. Subsequently, Mareschal and co-workers [2] considered the same problem for a dilute hard-sphere gas, using molecular-dynamics and an approximate moment *Permanent address: Department de Physique, Universite Moulay Ismasl, Meknes, Morocco. method to solve the Boltzmann equation. They also concluded that the validity of the Fourier law extended outside the small-gradient domain. In these simulations the size of the system was small and, consequently, the influence of boundary effects on heat transport could be important. In addition, a homogeneous simulation method for producing heat flux in absence of a thermal gradient has also been proposed [3] . Nevertheless, its applicability might be restricted to situations very close to equilibrium [9] . On the other hand, these boundary effects are absent in an exact solution to the Boltzmann equation for Maxwell molecules [4] . In this solution, which applies to arbitrary thermal gradients in the bulk, the velocity moments of the distribution function are polynomials in the gradient. In particular, the pressure is constant and the heat flux is a linear function, i.e. , it is exactly given by the Fourier law. Similar conclusions are obtained from a solution of the nonlinear Bhatnagar-Gross-Krook (BGK) kinetic model for general interactions [5] . Furthermore, the tractability of the BGK equation allows one to obtain explicitly the velocity distribution function [6] . Comparison of this solution with the one obtained numerically from the BGK equation for finite geometry [7] shows that the boundary effects give rise to a decrease of the heat flux with respect to the one given by the Fourier law. The reliability of the BGK model in the planar Fourier flow problem is supported [8] [10] . This method is much more efficient from a computational point of view than the molecular-dynamics method
In this paper, we use the DSMC method to solve the Boltzmann equation for a system of hard spheres in the planar Fourier How. In the conventional boundary conditions, the gas is assumed to be enclosed between two baths at equilibrium at different temperatures.
Under these conditions, a particle leaving the system is replaced by a particle coming from a bath at thermal equilibrium.
Consequently, a mismatch between the velocity distribution of the reemitted particles and that of the particles located near the walls and moving along the same direction exists. In order to inhibit these boundary effects, we propos~alternative stochastic boundary conditions. Now, the gas is assumed to be enclosed between two baths out of equilibrium described by the corresponding BGK solution to steady planar Fourier How. A particle leaving the system is replaced by a particle coming from a (fictitious) gas in a nonequilibrium state similar to that of the actual system. Thus, the previous mismatch is expected to be much smaller. 
Here, m is the mass of a particle, n is the number den- The Chapman-Enskog method provides the so-called normal solution to the Boltzmann equation [12] . The normal solution describes the state of the gas in the hydrodynamic regime, namely, for times much longer than the mean &ee time and for distances from the walls much larger than the mean free path. In that regime, all the dependence of f on r and t is given through a functional dependence on the hydrodynamic fields n, u, and T. On the other hand, in situations not accounted for by the normal solution, the Boltzmann equation must be solved subject to specific initial and boundary conditions. The boundary conditions corresponding to the particular geometry of the problem can be written as [12] f(r, v) = n(m/2z k~T)~& [5, 6] . Again, the moments are polynomials in e and, in particular, the heat lux is linear. Moreover, an explicit form for the velocity distribution function can be obtained [6] :
Equation (2.15) shows that the distribution function is a highly nonlinear function of the reduced thermal gradient. The series expansion of f in powers of e is asymptotic but not convergent [6] .
where H is the Heaviside step function. When a particle with velocity v' hits the wall at y = L, the probability of being reemitted with velocity v in the range dv is given by K+ (v, v') dv. The kernel K (v, v') has a similar meaning at y = 0. The specific details of the boundary conditions are contained in the kernels. In the case of the Fourier problem, K~must be consistent with the temperature walls T~.
As mentioned in the Introduction, an exact solution of the Boltzmann equation for Maxwell molecules in steady planar Fourier flow has been found [4] . As this solution belongs to the normal class, no explicit boundary conditions appear. All the space dependence of the velocity moments is given in terms of the local density and temperature and the local thermal gradient. The last can be defined in a reduced form as
III. SIMULATION METHOD
As stated in the Introduction, our main goal is to assess the validity of the Fourier law for a dilute gas of particles interacting via a potential other than the Maxwell interaction. Since no analytic solution of the Boltzmann equation for this problem is known, we attack the problem by using a numerical approach. The most convenient method is the DSMC method [10] . In the simulation, the system (made of W particles) is [7, 8, 14] . Under these conditions, the system is understood to be enclosed between two baths at equilibrium at temperatures T+ and T, respectively. This type of condition is adequate if one is interested in studying realistic boundary effects [15] . However, they might not be the most convenient ones when the interest is focused on the transport properties in the bulk.
In order to inhibit the boundary effects, we propose here an alternative type of boundary condition. The idea is to imagine that the two fictitious gases are in nonequilibrium states resembling the nonequilibrium state of the actual gas near the contact surfaces. Since the distnbution function of the actual gas is not known a priori, we assume that the fictitious gases are described by the distribution function given by the BGK approximation, Eq. (2.15). Thus, if the enclosed gas were also described by the BGK equation, no boundary effects would be present. More specifically, this second type of boundary condition 1s ponents of the reemitted particle.
In the following, we will refer to the boundary condi- The two first conditions correspond to a gas initially at equilibrium at the same temperature as that of one of the walls. In the third condition, the gas is initially prepared in a local equilibrium state described by the Navier-Stokes equations, namely, a constant pressure and a linear profile of T~. As Figure 4 shows that with conditions (a) and (b) the total energy monotonically decreases and increases, respectively, until reaching a common plateau; with condition (c), the total energy is initially quite close to the steady value.
From Fig. 4 and similar analysis of the evolution of u"and q", we conclude that the relaxation time to the The most relevant hydrodynamic profile in this problem is that of the temperature. This profile is shown in Fig. 8 , each value of the ratio q" /q" is represented by a horizontal bar. The height is the statistical error and the width is the range e2 & e ( ei. In all cases, the magnitude of the actual heat flux is smaller than that of the Navier-Stokes prediction, this efFect being more noticeable in the case of boundary conditions of Type I. This indicates that boundary effects tend to decrease the heat flux across the system, in agreement with results derived from the BGK equation [7] . Any 
VII. VELOCITY DISTRIBUTION FUNCTION
Besides the hydrodynamic quantities, the velocity distribution function can also be evaluated from the simulation. Given Fig. 9 Fig. 10 In order to get a bulk domain, i.e. , free from boundary effects, the natural idea is to take values of L much larger than the mean &ee path, i.e. , small Knudsen numbers.
There are, however, two drawbacks: (i) the relative temperature difference should be increased to keep a 6nite thermal gradient, and (ii) the number of particles and of layers in the simulation should increase, which is not convenient &om a practical point of view. The boundary effects can also be diminished by choosing appropriate boundary conditions. In the conventional boundary conditions, used in previous works, each time a particle leaves the system, it is reemitted with a velocity sampled &om a Gaussian probability distribution.
An alternative idea is to consider a probability distribution for the reemitted particles similar to the actual velocity distribution function of the gas. More speci6cally, we [16] .
